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Introduction
Energy storage is one of the possible solutions for matching energy supply and demand in the future energy grid, in which intermittent and distributed energy production technologies will play an increasingly important role. In particular, energy storage is useful to increase the grid flexibility and safety, increase the amount of renewable energy sources, and improve the overall performance of energy systems [1] .
Beside the previously mentioned benefits, and considering that the final energy use in domestic buildings is dominated by thermal energy ( Fig. 1-1 , bottom), thermal energy storage, or heat storage, can play a major role in reducing the primary energy consumption in buildings and in the future energy grid [2] . This is possible for example by decoupling the energy supply and demand sides, enabling the possibility to generate energy when it is more efficient and convenient, and store is till the time it is needed by the consumer.
Thermal energy storage can be divided into three main categories according to the storage mechanism: sensible, latent, and sorption heat storage. Sensible heat storage makes use of the temperature difference applied to a medium to store energy (e.g. water tank); latent heat storage exploits the phase change enthalpy of the medium, and sorption heat storage makes use of the reaction enthalpy involved in a typically reversible reaction.
The main advantages and drawbacks of the different technologies have been summarized in Table 1-1. Sensible storage is the most used and developed type of heat storage. For example, borehole heat storage is able to store large amounts of energy over the year for space heating, but large volumes of storage material (water and soil) are required [3] . Latent heat storage has a higher energy density over a small temperature range. However, the materials cost is typically higher, and certain materials have corrosion and stability issues. Pielichowska et al. [4] give an overview of the present state of the art of phase change materials (PCMs) for thermal energy storage applications while Sharif et al. [5] focus in particular on PCMs for space heating and domestic hot water (DHW) systems. Sorption heat storage has the highest theoretical energy density among the three categories of heat storage, and the heat losses can be, in principle, negligible. This, in turn, can result in a more compact system, which makes this technology prone to be used to store large quantities of energy over a relatively long period. Main drawbacks are the materials instability issues at the current state of research, and the low maturity level of the technology, which implies that its commercialization is not foreseen in the near future. Sorption thermal energy storage uses physical and chemical bonds between at least two components, sorbent and sorbate, to store thermal energy. During the desorption phase, heat is added in order to separate the sorbent and the sorbate with an endothermic reaction. During the sorption phase, the two components are combined together and heat is released with an exothermic reaction ( Fig. 1-1, top) .
Different sorption materials are investigated for the purpose of thermal energy storage for long-term and low-temperature applications. In particular, pure adsorbents and salt hydrates are mainly investigated by the scientific community for the abovementioned applications [8] [9] [10] [11] [12] . Salt hydrates have theoretically high energy densities but hydrothermal stability issues make the use of these materials in their pure form challenging, especially in open systems. On the other hand, adsorbents are more hydrothermally stable but they have typically lower energy densities and higher costs. The research on composite materials aims to reduce the material instabilities by keeping acceptable energy densities and costs. Composites generally consist of at least two materials, in which one is the active material that undergoes the sorption process and the other is mainly used for structural support. Beside the challenges at material-scale, at reactorand system-scales, further issues such as heat and mass transfer through the reactor [13] and eventual components corrosion [14] , have to be taken into account. Zondag [15] provides an introduction to sorption heat storage systems, with a particular emphasis on possible system configurations and overall system aspects. Abedin et al. [16] made a comparison among open and closed solid sorption systems based on energy and exergy analyses. The authors concluded that concerning charging, discharging and overall energy and exergy efficiencies, open systems were performing better than closed ones for the investigated cases. However, beside the thermodynamic factors, they suggested that other important factors such as economics have to be considered for the ultimate choice of a specific sorption heat storage system in a specific application. Hauer [17] , discusses the possibilities and intrinsic limitations of sorption heat storage systems used for seasonal heat storage. Scapino et al. [18] gives an overview on the state of the art on sorption materials and existing sorption heat storage prototypes. Finally, Pinel et al. [19] and Xu et al. [20] [6] . Bottom: End-use energy consumption of an household in EU (2012) [7] . Dotted bars: thermal energy; Striped bars: other forms of energy.
overview on seasonal heat storage technologies to store solar energy. The objective of this work is to provide an estimation of ideal systems performance in terms of energy densities and storage capacity costs in a common reference scenario, assuming different active materials. The aim is to provide initial considerations about their techno-economic feasibility and competitiveness in the market. Special focus is on open systems based on solid/gas reactions with water as sorbate, which are then compared with closed systems and liquid absorption systems.
First, an ideal reference scenario is considered, with the aim to compare the systems at the same operating conditions. Then, for selected materials, the energy density is calculated according to the equilibrium curves (for salt hydrates) or adsorption isotherms/isoteres (for adsorbents). Afterwards, assumptions and estimations are made about the size of the systems and the auxiliary components needed, and cost estimations for the active materials and reactor materials are made. Finally, a comparison with closed systems and liquid sorption systems is made in terms of energy densities and active material costs by considering the acceptable storage capacity costs of three user classes: industry, building and the so-called energy enthusiast.
This analysis mainly focuses on the storage capacity costs in terms of active materials and reactor materials costs, without considering the auxiliary components, and systems dynamics. Additional important aspects to be considered in real systems are thermodynamic efficiencies during the systems operation, cost-sizing factors and relations among overall system costs and the main systems parameters, which are not included in the present work. For a proper investigation on some of the abovementioned aspects, especially techno-economic indicators, a higher maturity level of this technology is required.
Reference scenario, systems and materials

Reference scenario
A common application considered for the integration of a sorption heat storage system is a family passive-house, which has a space heating and domestic hot water demand, and solar thermal collectors on its roof able to provide the required desorption temperature. The aim of the sorption heat storage systems considered in this analysis is to store thermal energy during summer, and release it in winter to satisfy the space heating demand. This is the main concept of seasonal heat storage. Modern houses can make use of low temperature space heating systems such as floor heating, which can operate with supply temperatures below 40°C [21] . This relatively low space heating temperature can be provided during the discharge phase of a sorption system operating within the boundary conditions listed in Table 2-1. On the contrary, if traditional heating systems would be present (e.g. heating temperatures of 70°C) the use of sorption heat storage systems would become much more challenging. During the system discharge (sorption phase), evaporation heat from a low temperature source has to be provided in order to have a sufficient water vapor pressure at the system inlet. A borehole system, aquifer, surface water system, ambient air, or solar thermal collectors can cover this function. In order to test the systems at the same operating conditions, a reference scenario is defined. This implies that for all the systems analyzed, the same maximum temperature used to desorb the active materials and the same energy demand required from the consumer are assumed. Ferchaud et al. [22, 23] and Zondag et al. [24] assumed a maximum temperature of 150°C from the solar thermal collectors in similar analyses. The minimum system discharging temperature mainly depends on the applications. Low temperature space heating can make use of a temperature of approximately 40°C. However, for DHW production, temperatures of 60°C are normally required for prevention against legionella. In this scenario, only energy for space heating is considered, and a yearly demand (ESH) of 10 GJ is assumed [25] . The system has to store the entire amount of energy required (seasonal storage). Therefore, the thermal storage will perform only one sorption/desorption cycle per year. It is also assumed that the building is located in Amsterdam, the Netherlands, with 212 heating days per year (October -April), and that the low temperature heating system consumes a constant power during those days. The ambient temperature entering the system, i.e. after an eventual humidification system, is set at 10°C. The main data of the reference scenario is presented in Table 2 -1. Additional parameters assumed for this analysis, where not mentioned in the text, can be found in Appendix B.
Systems investigated
This analysis focuses on three main types of sorption systems: open and closed solid sorption systems, and a liquid sorption system (Table 2-3) .
In the open system configuration, during desorption, heat exchanger HX1 heats up the flow from a high temperature heat source, and valve V2 excludes the heat exchanger HX2. During the sorption mode, valve V1 excludes HX1 and valve V2 allows the flow through HX2 to transfer the heat to the appliances, and to the heat recovery unit.
In the closed system, during desorption, the heat exchanger HX3 is used to heat the material and separate sorbent and sorbate. The sorbate is then condensed in the sorbate tank by removing the condensation heat through HX4. During sorption, the sorbate is evaporated with Material cost can be significant HX4 using a low temperature heat source, and the water vapor flows into the sorbent tank. Then, the reaction heat is removed from HX3 and sent to the appliances.
The liquid sorption system has a similar working principle to the closed solid sorption system. During the desorption mode, heat is provided in the absorber/desorber unit though HX5, and the sorbate is evaporated from the weak solution, which then becomes a strong solution, and is stored separately. During sorption, HX6 provides the required evaporation heat to transport the sorbate vapor into the absorber/desorber unit, in which the strong solution is flowing. This generates a weak solution and reaction heat, which is extracted through HX5.
Given the low maturity level of sorption heat storage systems, several assumptions are made throughout the analysis. For example, heat losses are not included in this analysis, since they are mostly dependent on the components design. Moreover, the heat absorbed by the reactor thermal mass is neglected. Table 2 -2 summarizes the main general elements included and excluded in this analysis. Assumptions specific to a single system configuration, are presented elsewhere in the manuscript (i.e. Section 3 for open systems, Section 4 for closed systems, and Section 5 for liquid systems).
Active materials
The materials investigated in this assessment for solid sorption systems are three pure salt hydrates (MgCl 2 , Na 2 S and SrBr 2 ), one pure adsorbent (zeolite 13X), and one ideal composite. For the liquid sorption system, NaOH has been chosen (see Section 5.1). The boundary conditions of the reference scenario establish the achievable level of de/hydration for every material. Equilibrium curves in Appendix B (Fig. A-1) were estimated with NBS tables [26] to have a first estimation of the materials theoretical energy density. Additional assumptions at material level are shown in Table B-1. For every reaction step, the reaction enthalpy and entropy are calculated with the enthalpies and entropies of formation at standard conditions [26] . Then, equilibrium temperatures can be calculated according to equation (2.1):
Z is the ratio of the partial vapor pressures of products and reactants in the gas phase. The equilibrium curves can be calculated over a selected range of water vapor pressures, and in turn, a range of Z values. For every material, the equilibrium curves of relevant reaction steps are calculated (Fig. A-1 ) together with the energy densities referred to the material in the most hydrated form. As an example, the values for MgCl 2 are reported in Table 2 -4. Data for the other materials are present in Appendix A.
From Table 2 -4, a theoretical energy density of 2.49 GJ/m 3 can be seen for the material. However, in order to allow a proper mass transfer within the material, and to account for the material porosity, an effective bed porosity ε of 0.5 is assumed. The effective bed porosity halves the theoretical energy density that can be extracted from the material, supposed in a sorption reactor. In order to estimate the energy density of zeolite 13X, adsorption isoteres ( Fig. A-1) are calculated with the Langmuir-Freundlich isotherm.
q eq represents the moles of water per kilogram of material adsorbed at equilibrium conditions, q max the maximum amount of moles adsorbed per kilogram of material, p the water vapor pressure, R the gas constant, and T the temperature. The parameters used for the Langmuir-Freundlich isotherm are given in Table 2 the molar mass of water, R the gas constant, and T the temperature.
This assumption has been made based on two counterbalancing concepts. The first is that, in system based on multi-step reactions (e.g. MgCl 2 ), the reactor outlet temperature is typically higher than the lowest reaction equilibrium temperature because there are also other reaction steps contributing in the sorption process. The second is that the thermal losses in the components, that will decrease the reactor outlet temperature, have not been considered. Therefore, for a rough system approximation, the assumption used for the reactor outlet temperature represents a compromise between these two opposing effects.
For the closed system based on zeolite, it is assumed that the sorption temperature bed is kept at a temperature above the space heating required temperature, allowing 11 moles of water per kilogram of material to be released from the system discharge ( Fig. A-1) .
Finally, the performance of an ideal composite material is estimated, together with the related costs. For this analysis, the following assumptions are made:
• The composite is assumed to be made out of an inert hosting matrix and CaCl 2 .
• The salt in its hexahydrate form occupies 50% of the material volume, and the other half of the volume is occupied by the hosting matrix. • The overall composite porosity is assumed 50%, as for the other materials investigated.
• The hosting matrix cost is assumed to be 600 €/t and its density 180 kg/m 3 [29] .
Calcium chloride has been already investigated for sorption heat storage purposes [30] in its pure form [31] , in composites [32] [33] [34] [35] [36] [37] [38] [39] [40] , and in salts mixtures [41] . It is assumed that pure calcium chloride is unstable at the ambient temperature and water vapor pressure of the reference scenario, and deliquescence would occur [42] . It is assumed that the hosting matrix is able to retain efficiently the salt into its pores, therefore avoiding leakages of the active material. The density value of the hosting matrix is for expanded vermiculite, which has an intermediate density among the possible hosting matrices. In addition, the cost is assumed as an average value among various materials that can be used as hosting matrix. However, these values are highly dependent on the chosen material and its processing. The reactions relevant for sorption heat storage purposes at the reference scenario conditions are displayed in Table 2 -6.
Performance estimation of open solid sorption systems
In an open system, the mass transfer of the sorbate through the sorbent is the main issue because pressure drops within the porous material can highly reduce the system efficiency. Therefore, the use of a reactor in which the air flows through the entire material amount at every system charge/discharge is not recommended. On the contrary, a modular or segmented configuration reduces the system pressure drops and the thermal mass of the material to be heated at every charge/discharge cycle. For a rough estimation of a module size, the following assumptions are made:
• Each segment can store the required space heating energy for one day.
• The energy released from the system is transferred to the space heating system with an air-water heat exchanger placed in a water tank that is able to deal with the daily fluctuations of the heat demand.
• Every module releases a constant energy flow through the day at a constant power. This energy is transferred to a low temperature heating system such as floor heating, which is not subjected to high peak energy demands, common for older high-temperature heating components.
The total amount of material can be divided into 212 batches, equal to the total amount of heating days per year (according to Section 2.1) that can be single modules or reactor segments. Considering the number of batches, and in order to minimize the amount of reactor material and maximize the reactor compactness, a segmented reactor has been chosen as layout for the open solid sorption system.
Reactor geometry and size estimation
In order to compare the active materials in a common reactor layout, it is assumed that a cubic reactor is divided into cuboids, and that every cuboid (segment) contains the energy required for one day of operation (Fig. 3-1) . The result is a cubic reactor with 212 segments having the major length equal to one side of the cubic reactor.
This might not be the most suitable reactor layout for every sorption heat storage system, but in order to have a first rough comparison of the resulting pressure losses and the costs involved, this common arrangement is assumed. Further assumptions at reactor level are:
• Each cuboid is contained in a 1 mm stainless steel 316 shell. The choice of stainless steel in this analysis is assumed due to its corrosion resistance to the investigated salt hydrates [14] . The stainless steel density and cost are assumed to be 7740 kg/m 3 and 2.5 €/kg [43] , respectively.
• The space heating heat exchanger is a cross flow heat exchanger, which can exploit the air energy from the reactor up to a temperature of 29°C. An air-to-air heat recovery unit with an efficiency of 90% [44] is present between the inlet of the reactor and the outlet of the space heating heat exchanger.
The heat transfer medium in an open system is the gas flow (air) that contains the sorbate (water vapor). To estimate the required amount of active material needed, the daily amount of heated air has to be estimated depending on the maximum achievable temperature from the sorption heat storage system and the minimum air temperature achievable in the air-water heat exchanger. Table 2 -5 Langmuir-Freundlich isotherm parameters for zeolite 13X [28] . [27] 116
Then, it is assumed that a space heating system working at 35/ 28°C receives the warm water from a water tank able to store the required daily amount of heat. According to the assumptions, a heat exchanger delivering a constant power of 546 W to the water tank during the system discharge is estimated. The constant power value is the result of the total yearly energy needed for space heating (10 GJ) divided over the heating days in the year. In Table 2 -3 left, a schematic drawing of the assumed layout for an open solid sorption system is shown.
In order to recuperate the air released below 29°C from the sorption heat storage, a heat recovery unit is present. Therefore, the ambient air is preheated and a higher outlet temperature from the reactor can be achieved. The preheated air temperature at the reactor inlet can be calculated as follows:
With η HR the efficiency of the heat recovery unit, T HX out , the air temperature after the heat exchanger in the water tank, assumed to be 29°C, and T amb the ambient temperature at 10°C. At those conditions, the preheated temperature is 27.1°C. The inlet air humidity is assumed to be 12.4 mbar which is the saturated water vapor pressure at 10°C. The sorption heat storage delivers the design constant power of 546 W above 29°C to the air-water heat exchanger, then, it delivers lowtemperature power used to preheat the ambient air. The reactor power can be computed by considering the temperature difference between its inlet and outlet air.
In an open system, a source of energy consumption is the electrical power needed to drive the air mass flow, which can be estimated with the pressure drop through the reactor:
with V̇a ir the air volume flow and p ∆ losses the pressure losses within the reactor bed, estimated with the Ergun equation:
Where μ air is the air viscosity, D p is the particles diameter, assumed to be 1 mm, ρ air the air density, and v air the air velocity in the segment without active material.
The main results are visible in In real systems, storage capacity costs should all the investment costs needed to realize the thermal energy storage system.
The salt hydrates appear to be the most interesting options in terms of energy densities.
• Sodium sulfide results to be the best option in terms of compactness, by having more than seven times the energy density than a conventional water storage. However, due to hazardousness of the material, it is not possible to use it in an open system configuration.
• Magnesium chloride results to be the best option in terms of active material costs by having it below 1 €/kWh cap . However, from previous studies [22, 45, 46] , it is known that the desorption temperature of the reference scenario (150°C) will lead to material decomposition over the cycles. In order to reduce as much as possible the decomposition rate of MgCl 2 , the desorption temperature could be decreased by exploiting only the first two reaction steps (6↔4 and 4↔2), resulting in a higher storage cost and a lower energy density. The relative fan energy costs for discharging the system during the winter season can account for 20% of the overall reactor and active material costs ( Fig. 3-2) . The relative fan costs appear to be more relevant with economic active materials (i.e. MgCl 2 , Na 2 S and the ideal composite), since they affect more the [47] overall system cost.
• Strontium bromide appears a promising alternative, resulting in a system approximately four times more compact than a water storage. However, due to the high material cost, the total cost of the sorption heat storage system is more than ten times higher compared to the one based on magnesium chloride.
• The zeolite storage requires a remarkably larger amount of material due to its lower energy density compared to pure salt hydrates. Considering also the high specific cost of the material, this leads to the most expensive options amongst the investigated systems.
• The composite material results in a more compact system compared to the system based on zeolite 13X, with an energy density of 0.43 GJ/m 3 . From the economic point of view, the composite option is cheaper than zeolite 13X and SrBr 2 , having a cost of 1.36 €/kWh cap . This could be the most feasible option assuming a sufficient material stability given by the hosting matrix of the composite. Concerning the relative fan energy costs, they account approximately for 23%
Sensitivity analysis
In order to show the influence of the assumptions made, a sensitivity analysis on selected parameters is carried out. In the open system layout, the varied parameters are the heat recovery efficiency, the particle size diameter of the active material, and the reactor outlet temperature.
Heat recovery efficiency
The heat recovery unit is an essential part of the open system layout, since it significantly improves the overall system performance. The assumed heat recovery efficiency is 90%. However, real operational values can be far from the nominal one [44] . Thus, the heat recovery efficiency has been varied from 60% to 90% and the impact on the energy density and costs are estimated.
As it is possible to see in Fig. 3-3 , the heat recovery efficiency has a remarkable effect on the energy density. A higher heat recovery efficiency results in higher achievable outlet reactor temperatures, and higher energy densities. Energy density variations of approximately 20% are present for pure salt hydrates, based on a heat recovery efficiency of 90%. Variations of 23% and 26% are found for the systems based on zeolite 13X and the ideal composite, respectively. Concerning the storage capacity costs, heat recovery efficiency affects more the cost of the systems based on the more expensive materials. A lower energy density implies larger quantities of material to be employed, therefore a higher materials cost is unavoidable. The importance of the heat recovery efficiency depends on the temperature difference between the two inlet flows (Eq. (3.3) ), i.e. the larger the temperature difference between the two entering flows, the higher the importance of the HR efficiency. In this work, a temperature of 29°C from the space heating heat exchanger and air at 10°C from the ambient are assumed to enter the HR unit (Section 2.1), which implies a temperature difference of 19°C.
Particle size diameter
The average particle size in the packed bed influences the pressure losses, as it can be seen from Eq. (3.5). This, in turn, has an influence on the system feasibility and its operational cost. In order to assess properly the impact of varying the particle size diameter on the system, the yearly operational costs due to the fan power are added to the storage capacity costs. Thus, if the system requires a too high amount of fan power to overcome the pressure losses, this will be taken into account in the cost assessment. The particle size has been varied between 0.1 mm and 5 mm, to have a particle size range going from fine powders to relatively large pellets. As it is possible to see from Fig. 3-4 , by considering one year of system operation cost and the storage cost, particle size diameters of 0.1 mm considerably affect all the systems, leading to a cost increase from 15% (zeolite 13X) to 490% (composite) compared to the systems based on 1 mm particles. Larger particle sizes have a moderate effect on the cost.
Sorption temperature
A strong assumption is that the reactor outlet temperature for open systems corresponds to the lowest value between the lowest equilibrium reaction temperature and the temperature calculated with the "c p approximation" (Eq. (2.6) ).
Assuming that the thermal losses are minimized in a real system, it is interesting to estimate the systems performances if the reactor would be able to deliver the temperature based on the "cp approximation" approach. The systems in which the outlet temperature was already set as equal to the temperature found with the "cp approximation" approach (MgCl 2 , Na 2 S, and zeolite 13X), are also reported for comparison. From Fig. 3-5 , it is possible to notice the substantial temperature increase for all the materials.
The increase of temperature is 5% (SrBr 2 ) and 23% (composite), compared to the original outlet temperature. Consequently, the air flows through the reactor have a decrease of −11% (SrBr 2 ) and −40% (composite) compared to the original air flows. This is because the power that has to be provided from the reactor to the space heating system remains the same. In Fig. 3-6 , the storage costs by varying the outlet temperature are displayed and divided between storage capacity costs and yearly fan operational costs. Overall, a general cost decrease is present due to lower operational costs caused by the reduction of the air flow, and the higher energy densities affecting the storage capacity cost. Finally, the systems energy density (Fig. 3-7 ) increases of 0.9% (SrBr 2 ) and 4.6% (composite) because of lower amount of material required since a lower amount of sorbate (water vapor) flows through the reactor and depletes the sorption material.
Performance comparison with closed solid sorption systems
In the following section, the performance of different closed solid sorption systems based on the previously introduced active materials are estimated (Section 4.1). Then, a comparison between open and closed solid sorption systems is made in terms of reactor energy density and storage capacity cost (Section 4.2). Finally, a sensitivity analysis on the ideal composite material parameters (Section 4.3) is carried out with the aim to understand the influence of these parameters on the energy density and storage capacity cost of the reactor.
Performance estimation of closed solid sorption systems
A closed system requires additional components compared to an open system. During the system discharge, an evaporator is needed to evaporate the sorption water that subsequently reacts with the active material. During the system charge, a condenser is required to condense the sorbate vapor removed from the active material. Differently from an absorption heat pump, the two phenomena do not happen simultaneously; therefore, if properly designed, the condenser and evaporator can be the same component. In this analysis, the Fig. 3-3 . Energy density and storage cost variation by varying the heat recovery efficiency (HR) from 60% to 90%. heat removed during condensation will be lost and it will not be considered as additional value. Finally, closed systems can require frequent evacuation due to the formation of incondensable gases. This requires additional energy to run the evacuation pumps. This aspect is not considered in this analysis.
The closed system requires a storage volume for the sorbate, which is not released into the environment as for an open system. As a rough system size estimation, the following assumptions are made:
• The volume of the evaporator/condenser heat exchanger is not significant compared to the active material volume and the required sorbate volume. Therefore, it will not be taken into account.
• The sorbent and the sorbate are contained into cylindrical shells with a diameter of 0.3 m and 1.5 m, respectively.
• The active material is divided into modules in which the daily energy demand is stored (Fig. 4-1 ).
• At the sides of each cylindrical there is a cap with a height of 0.05 m.
• The material for the reactor is stainless steel 316, and the container thicknesses are 3 mm and 2 mm for the modules and the sorbate container, respectively.
• The heat transfer area between the water for the space heating system and the active material in every module is not taken into account.
• The energy is efficiently removed from the reactor bed by the heat exchanger. Therefore, all the energy released is transferred to the space heating system. The heat transfer area between the water for the space heating system and the active material in every module is not considered because it is strongly dependent on the heat exchanger shape, the heat transfer coefficient between the sorption bed and the fluid inside the heat exchanger, and the temperature of the sorption bed. In particular, the latter is dependent on the amount of water vapor flowing through the bed, which in turn depends on the pressure difference between the evaporator and the sorption bed, which is not constant. Therefore, a numerical model valid for only one single material and reactor shape would be required, and it is out of the scope for a rough size estimation of the system. In reality, the volume of the heat exchanger in each module has also to be considered. With the abovementioned assumptions, the results of the system estimation are visible in Table 4 for the zeolite 13X system. It has to be recalled that in this analysis the heat exchanger volume inside the active material tanks is not taken into account, and it would contribute to increase the overall system cost and volume occupied, thereby decreasing the energy density.
Comparison between open and closed solid sorption systems
From a first estimation of the sizes of both open and closed systems based on three salts hydrates, zeolite 13X, and an ideal composite, it is possible to draw preliminary conclusions on the systems performances Fig. 3-4 . Storage capacity cost and one year of fan operational cost by varying the particle size diameter from 0.1 to 5 mm.
Fig. 3-5.
Reactor outlet temperatures and mass flows assuming the lowest equilibrium temperature (DT_orig) or the "cp approximation" approach (DT_avg) for SrBr 2 and the ideal composite material. Data for MgCl 2 , Na 2 S and zeolite 13X already based on the "cp approximation" approach are added for comparison. Fig. 3-6 . Storage costs and operational costs varying the reactor outlet temperature assuming the lowest equilibrium temperature (DT_orig) or the "cp approximation" approach (DT_avg) for SrBr 2 and the ideal composite material. Data for MgCl 2 , Na 2 S and zeolite 13X already based on the "cp approximation" approach are added for comparison. Fig. 3-7 . Energy density varying the reactor outlet temperature assuming the lowest equilibrium temperature (DT_orig) in blue and an averaged outlet temperature (DT_avg) in red for SrBr 2 and the ideal composite material. Data for MgCl 2 , Na 2 S and zeolite 13X already based on the "cp approximation" approach are added for comparison. Fig. 4-1 . Closed system layout assumed for every sorption material. Every active material tank contains the required amount of energy for one day of operation and the water tank contains the sorbate necessary for one year of operation.
and storage capacity costs defined as the ratio of the system costs and the installed storage capacities. The system costs considered are the active materials and the main reactor material costs. From Fig. 4-2 , it is possible to notice that the energy densities of open systems are higher. This is because the closed systems require the sorbate to be stored, therefore increasing the overall system volume. Additionally, for pure salt hydrates, the assumed open system layout is more compact whereas the closed system is divided into a number of tanks equal to the yearly heating days. The large amount of tanks implies also a large use of reactor material; thereby increasing the system capacity costs. In particular, this is remarkable in the zeolite system, which requires a relatively large amount of reactor material, because of the relatively low material energy density, resulting in the highest storage capacity cost.
For zeolite 13X, the energy density of the closed system layout is slightly higher because the volume required to store the active material and the sorbate is lower compared to the volume to store the active material in the open system layout. This is because in the open system, part of the energy stored is lost to the environment in the heat recovery unit (Table 2-3); while for the closed system, it is assumed that the energy is entirely transferred to the space heating system. Thus, in an open system, more material is needed compared to a closed system, and if the material energy density is low enough, it can be that the required additional volume of the material in the open system is larger than the volume required in the closed system to store both the active material and the sorbate (water).
Systems based on the composite material have energy densities above the systems based on pure adsorbents (0. 43 Concerning the storage capacity costs, open systems resulted in lower costs compared to closed systems. This is because the reactor layout assumed for the closed systems requires more material compared to an open system. In Fig. 4-3 , the reactor material cost percentage related to the overall materials costs for open and closed sorption systems is shown, and it is remarkably higher for closed systems, in particular for the most compact and inexpensive systems.
This means that, for the systems in which the reactor material cost heavily affects the overall system cost, the choice of a suitable and inexpensive material is essential.
Sensitivity analysis on composite material parameters
Two of the main parameters of the composite material that affect the investigated system performance are the amount of active material present in the composite and the hosting matrix price. By varying the amount of active material, the overall energy density is directly affected (Fig. 4-4 [33, 48] . A substantial and proportional increase in the energy density is present by increasing the amount of active material in the ideal composite. For open systems, the energy density variation is in the range from −60% (20 vol%) to +63% (80 vol%) compared to the 50 vol % case. For closed system, the range is within −56% -+49% for the same volume percentage of active material in the composite. It can be noticed that, by increasing the amount of active material, the energy density increase is sharper in open systems. This is due to the chosen layouts and assumptions in open and closed systems estimation, which in turn result in different amounts of reactor material required for open and closed system layouts. Concerning the storage capacity costs, closed systems have larger amounts of reactor material (Fig. 4-3) and their costs decrease more 
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rapidly by increasing the amount of active material in the composite. Its nonlinear tendency is due to the mutual effects between the decrease of composite material required by increasing the amount of active material in the composite, and the consequent lower amount of reactor material required. Closed systems have a cost range within +131% (20 vol%) and -32% (80 vol%) and open systems between +20% and -2.5% for the same active material percentages, referred to the costs at 50 vol% of active material under the present assumptions.
Concerning the hosting matrix price, its value has been varied between ± 75% of the initial value (600 €/t) to investigate its influence on the storage capacity costs of the systems. The results can be seen in Fig. 4-5 . As expected, a linear behavior in the storage capacity costs is present for both open and closed systems. For open systems, a range of ± 13.5% of the matrix price, compared to the original matrix price, is estimated. For closed systems this range is within ± 2.1%. A smaller influence of the matrix price in closed systems is due to the fact that they are more influenced by the reactor material costs (Fig. 4-3) .
Performance comparison with liquid sorption systems
In order to have a general overview of the liquid sorption systems performance and their suitability for the assumed reference scenario, four absorption couples from the literature are analyzed. Then, an ideal liquid sorption system is defined in this work (5.2). Finally, the previously estimated open and closed solid sorption systems are compared in terms of energy density and storage capacity cost with the liquid sorption system estimated in this Section (5.3).
Liquid sorption systems from the literature
In order to estimate an ideal liquid sorption system to compare with the previously estimated solid sorption systems, different absorption couples from Liu et al. [49, 50] are considered. General literature references and state of the art reviews on liquid absorption technologies can be found in [51] [52] [53] . The data from the study of Liu et al. [50] have been used to define the sorption cycle of a typical system based on the most suitable absorption couple for the reference scenario in 2.1. Possible absorption temperatures in the range of 20 -45°C have been investigated by the authors assuming an evaporator temperature of 10°C and a sorbate storage temperature of 10°C. However, not all the absorption couples were able to release heat above 35°C, the space heating system requirement in the reference scenario.
In Table 5 -1, the energy density of different absorbents, at the stated absorber temperature are reported in case of no crystallization allowed in the storage tank, or a ratio of crystallization equal to 4. The energy density is given considering one cubic meter of pure absorbent material. The ratio of crystallization (R cryst ) is defined as the mass ratio of crystal in the storage tank present at the end of the storage period and the mass ratio of solution at the same state. A ratio of crystallization equal to 4 implies that there is 20% of liquid solution in the storage tank at the beginning of the absorption cycle, which has to be high enough to allow the solution recirculation in the absorber at the beginning of the discharge process. As it can be seen in Table 5 -1, the active material volume required by a single stage liquid absorption system operating in the reference scenario varies from 5.8 to 18.9 m 3 or from 2.31 to 9.39 m 3 with R cryst =0 or R cryst =4, respectively. The maximum absorption temperature at which the storage process has a significant energy density is 35°C for three of the four absorption couples investigated (LiBr-H 2 O, LiCl-H 2 O, KOH-H 2 O), which is realistically not enough to achieve 35°C on the space heating side, considering the system thermal losses and the heat exchanger effectiveness. By increasing the absorber temperature in those absorption couples a too small absorbent concentration difference, e.g. lower than 5% for the LiBr-H 2 O couple, would result in the system. Only the system based on NaOH-H 2 O has been investigated at higher absorption temperatures, and it resulted in a relatively low energy density. The resulting active material cost of the only feasible single stage liquid sorption system based on NaOH are 5.76 and 2.88 €/kWh cap with or without partial recrystallization respectively (Table 5-1) . Finally, it is remarkable that the required desorption temperature from the liquid sorption systems is lower compared to solid sorption systems. In particular, according to the authors, the system based on NaOH-H 2 O that they considered, required 50°C (p H2O =4.2 kPa) to be charged, assuming R cryst =0.
Ideal liquid sorption system estimation
From the data of the previous paragraph, it appears that a NaOH-H 2 O system can deliver the energy above the minimum temperature required in the reference scenario. Therefore, a first rough estimation of this system operating in the reference scenario is carried out in Appendix C with the aim to compare it with the solid sorption systems performance. A minimum useful temperature of 35°C is set even though, at realistic operating conditions, a higher temperature has to be provided in order to have 35°C at the space heating system side. The assumptions of this analysis are displayed in Table 5 -2, and the main results are displayed in Table 5 -3. A similar procedure to the one employed by Liu et al. [50] is adopted.
It is interesting to notice the remarkable energy density reduction if the required tanks volume and the reactor material is taken into account. In Fig. 5-1 , the energy density based on the pure absorption material of the absorption couples taken from the literature (5.1) and the liquid sorption system based on NaOH estimated in this section are shown. It is possible to see that for the system based on NaOH taken from the literature, a lower pure absorbent energy density E NaOH (0.53 GJ/m 3 ) is present due to the considered minimum heat release temperature of 45°C, while for the system estimated in this section (2.18 GJ/m 3 ) the minimum heat release temperature was set at 35°C, according to the reference scenario in Table 5-2. For the ideal NaOH system estimated in this section, the energy density based on the required tanks volume and the costs including also the reactor material is also displayed (red marker) and calculated in Appendix C. It is possible to see the strong decrease (−91%) in the energy density due to the required volume of water involved in the process, which determines the strong solution, weak solution and pure sorbate tanks volume. A significant decrease in energy density is expected also for the absorption couples from the literature, if the required tanks volume is taken into account. Equations from (C.2) to (C.7) in Appendix C illustrate how to derive the ideal system energy density considering the tanks volume from the pure absorbent energy density.
For the comparison with the ideal solid sorption systems estimated in this analysis (Sections 3 and 4) , only the ideal NaOH-H 2 O system, considering also the tanks volume and cost, is considered.
Comparison between solid and liquid sorption systems
In Fig. 5-2 , a comparison amongst the solid sorption systems and the liquid sorption system is shown. The cost of the active materials is represented by the markers and the cost increase due to the reactor material is represented by the vertical red lines. Auxiliary system components and the system operation costs would increase further the system costs and decrease the overall energy density. and on the ideal composite, respectively. The liquid sorption system based on NaOH has an energy density of 0.20 GJ/m 3 . Rathgeber et al. [55, 56] , within the framework of IEA SHC Task 42/ ECES Annex 29, made an economic evaluation of thermal energy storages, and set the economic boundaries for different user categories: industries, buildings and enthusiasts. Industries can accept payback periods of 5 years and interest rates on the capital costs of 10%; buildings can accept payback periods of 15 -20 years and interest rates of 5% and enthusiasts can accept interest rates of 1% and payback periods of 25 years. With the interest rates on the capital costs and the acceptable payback periods of the user classes, the acceptable annuity factors can be estimated. Another indicator considered in the economic evaluation are the reference energy costs (REC) which represent the cost of energy supplied from the market. The assumption of the authors was that the costs of the energy supplied by a thermal energy storage should not exceed the costs of the same energy supplied from the market. It is noteworthy to mention that they depend on many external factors such as the economic and political conditions of each country; therefore are variable within relatively short time periods. The authors considered a range of REC and annuity factors (ANF) for every class user, and estimated the acceptable storage capacity costs (SCC acc ) of different existing thermal energy storages with Eq. (5.1). The results are visible in Table 5 The acceptable storage capacity costs are defined in function of the substituted reference energy costs, the annuity factors, and the number of yearly cycles that the thermal storage undergoes. Since in this analysis only seasonal thermal energy storages are considered, only one annual cycle is performed. In Fig. 5-2 , the range of acceptable storage capacity costs by the three different users defined by the authors are displayed assuming one charging/discharging cycle of the systems every year.
Based on the results of Fig. 5-2 , it is possible to notice that the active material costs of the investigated systems are not competitive for an industrial user. For building users, some of the systems based on pure salt hydrates (MgCl 2 and Na 2 S) are within the acceptable storage capacity costs by considering only their active material cost. However, as already mentioned, their hydrothermal stability issues (e.g. MgCl 2 ) make these systems hardly feasible. Moreover, open systems based on Na 2 S, face environmental issues due to the toxicity of the salt hydrate and its byproducts such as hydrogen sulfide. Therefore, only closed systems based on Na 2 S are advisable. However, the production of noncondensable gases during the system operation decreases the system efficiency; therefore, they have to be periodically removed to keep the system pressure at optimal levels.
The systems based on the ideal composite material, assuming a sufficient material stability, would represent a promising option since they have relatively low storage capacity costs (0.60 -0.53 €/kWh cap for the closed and open system, respectively) affordable for the buildings category. However, they would result also in approximately two and a half times larger systems compared to the open system based on pure MgCl 2 .
The liquid sorption system estimated in Section 5.2 , having an energy density of 0.20 GJ/m 3 released at a temperature above 35°C has active material costs within the acceptable storage capacity costs of the building users (1.44 €/kWh cap ). Finally, the solid systems based on strontium bromide and zeolite 13X resulted above the storage capacity costs affordable from all the user categories (10.0-14.6 €/kWh cap ). In case of applications requiring more charge/discharge cycles per year, their costs can decrease and they might become affordable for the investigated user categories.
Considering also the reactor material costs estimated in this analysis, by looking at the vertical red lines in Fig. 5-2 , it is possible to notice that solid sorption systems, especially closed systems, have a large cost increase since the reactor material cost is relatively high (Fig. 4-3) . The liquid sorption system estimated in 5.2 has a moderate increase due to the relatively small amount of material estimated to store the sorbent and the sorbate in the different staged of the process.
In particular, the closed systems based on MgCl 2 , Na 2 S and the composite material shift from the building user class to the enthusiast user class range of storage capacity costs. The open systems based on the same materials remain below the maximum storage capacity costs acceptable from the building user.
To conclude, it has to be remarked that, for the sake of comparison, only active material and reactor material costs are estimated and considered in Fig. 5-2 . For liquid sorption systems taken from the literature, only active material costs are considered and the energy density is given for one cubic meter of solution after the desorption phase. Other system materials, components and operational costs are not considered in this analysis and they would increase additionally the storage capacity costs of the thermal storages investigated. Existing thermal storage systems evaluated with the abovementioned approach can be found in [55] .
Conclusions
In this work, ideal sorption heat storage systems are estimated and compared in terms of energy densities and storage capacity costs. A common reference scenario for the analysis has been assumed consisting of a seasonal heat storage for space heating of a passive house located in Amsterdam, the Netherlands.
Five conceptual solid open systems and five closed systems based on different salt hydrates, zeolite 13X, and an ideal composite material have been estimated. Moreover, a conceptual liquid sorption system based on NaOH is compared with the solid sorption systems in the same reference scenario. The results showed that the closed systems are in general more expensive and less compact than the open systems for the assumed reactor layouts, and the liquid system would result in a larger and more expensive system compared to the solid systems based on the ideal composite material and certain salt hydrates. On the contrary, the liquid system would be more affordable compared to systems based on zeolite 13X and the most expensive salt hydrates.
Finally, the open system based on the composite material, could represent a valid compromise between energy density and storage capacity costs, assuming a sufficient hydrothermal stability.
From the economic perspective, the active materials cost assumed for the investigated systems are too high for industry users. For implementation in domestic buildings, systems based only on certain pure salt hydrates, on the ideal composite material, and on the liquid sorption system become affordable. When reactor material costs are also considered, the overall system cost, especially for closed solid sorption systems, increases remarkably.
This analysis highlights that the costs for the investigated sorption seasonal heat storage systems, even when considering only the active material and the reactor material costs, are still relatively high for the user classes considered in this work. Especially considering that the cost of auxiliary system components (e.g. the heat exchangers in solid sorption closed systems and the absorber in the liquid sorption system) and the operational costs are not taken into account in this work. The acceptable storage capacity costs used in this analysis are largely affected by the energy prices, which are dependent on multiple factors determining the market conditions. For example, an increase in reference energy costs (REC) would increase the acceptable storage capacity costs. Conversely, if the storage could perform multiple charge/discharge cycles per year, the acceptable storage capacity costs would decrease remarkably. Thus, in the upcoming future, sorption seasonal heat storage systems like the ones investigated in this analysis can become more competitive in the energy sector according to the future energy market conditions. Boiling and solidifying temperatures of aqueous caustic soda solutions. The system states during the evaporation process are 1: strong solution in the storage tank, 2: solution at the beginning of the absorption process, 3: solution at the end of the absorption process that produces useful heat above 35°C, 3′: solution diluted up to the minimum concentration in the system to prevent crystallization during storage. Partially adapted from [59] . solution at the beginning of the absorption process, 3: solution at the end of the absorption process that produces useful heat above 35°C, 3′: solution diluted up to the minimum concentration in the system to prevent crystallization during storage, E: the evaporator state. Partially adapted from [60] .
concentrated solution at 48 wt% NaOH goes into the absorber from the storage tank (1→2). The solution concentration decreases up to the minimum concentration (40 wt%) in order to produce heat above 35°C (2→3). Then, the solution is further diluted up to 32 wt% (3→3′) to avoid crystallization at storage conditions (see Fig. C-1 ). The required desorption temperature for this system, assuming a condenser temperature of 30°C (p H2O =4.2 kPa) as Liu et al. [50] , would be approximately 75°C. The useful energy produced in the absorber is considered to be only the one extracted from 2→3. The energy released during the further dilution 3→3′ is not considered. The energy balance can be done by considering the state of the solution during the storage immediately before the discharge phase at state 1, and state 3. At the abovementioned conditions, the solution energy density is: Fig. C-3 . Relative enthalpy of NaOH solutions. The system states during the evaporation process are 1: strong solution in the storage tank, 2: solution at the beginning of the absorption process, 3: solution at the end of the absorption process that produces useful heat above 35°C, 3′: solution diluted up to the minimum concentration in the system to prevent crystallization during storage. Partially adapted from [59] . The storage capacity cost by taking only into account the active material is found by dividing the absorbent cost with the energy delivered for the space heating system ESH, assuming that only one cycle is performed every year. The absorber, which is assumed to be small compared to the storage tanks, is not taken into account in this cost estimation.
